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GASEOUS HYDROGEN BURNED IN A STMULATED AFTERBURNER USING
SEVERAL LOW-DRAG FUEL-INJECTOR-FLAMEHOLDER TYPES *

By William R. Kerslake

SUMMARY

Combustion efficiency and burner pressure loss were measured for
seven fuel-injector-flameholder configurations. The configurations were
tested in a connected-pipe burner 13 inches long with a cross section
equal to a 35° sector of a full 28-inch-diameter afterburner. Combus-
tion efficiencies varied from 92 to 85 percent for the better configura-
tions. Flameholder pressure losses were 1 to 2 percent of the burner
pressure loss for the best configurations. The inlet temperature of
1660° R was achieved by a hydrogen-fueled preheater located directly up-
stream of the afterburner. The inlet pressure was about 1/3 atmosphere,
and the velocity was 400 or 500 feet per second.

INTRODUCTION

The use of hydrogen fuel for high-altitude jet engines has been
proposed in reference 1. Its use offers the advantages of a high heat-
ing value (51,000 Btu/lb), as well as a fuel with a large heat-sink
capacity, useful for high-flight-speed cooling requirements. Because of
the fast flame speed and the great reactivity of hydrogen, it can be ex-
pected that a high combustion efficiency can be realized even at many
operating conditions where a hydrocarbon fuel could not burn. The draw-
backs of using hydrogen fuel are: (l) the low density as a liquid, ne-
cessitating large fuel tanks, and (2) the difficult handling problems
assoclated with a cryogenic fluid.

Gaseous hydrogen as an afterburner fuel has been tested in refer-
ences 2 and 3 using spray-bar fuel injectors. These injectors are simi-
lar to those used in the ramjet combustors of references 4 and 5. The
connected-pipe combustion efficiency data of reference 2 are over SO
percent for broad bands of fuel-air ratios, but the data were taken at
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a moderately high combustor pressure of 1/2 to 1 atmosphere. The full-
scale data of reference 3 report sharply falling combustion efficiencies,
probably due to the much lower combustor pressure of 1/6 to 1/2
atmosphere.

The work described herein was undertaken in an attempt to find an
efficient and more stable gaseous-hydrogen fuel-injector-flameholder for
low-pressure afterburner use. The specific goals were (1) a low-drag,
durable, fuel-injector-flameholder and (2) high combustion efficiencies
at 1/5 atmosphere over a wide band of fuel-air ratios.

Combustion efficiencies and burmer pressure losses were determined
at afterburner-inlet conditions of an advanced turbojet engine (flight
Mach number, 4.0 and compressor pressure ratio, 2.3), pressures of 10
to 12 inches of mercury absolute, velocities of 400 and 500 feet per sec-
ond, and a temperature of 1200° F. The inlet air temperature was
achieved by a hydrogen-fueled preheater located immediately upstream of
the afterburner test section. Additional tests consisted of (l) meas-
uring the blowout velocity at ambient air temperatures, and (2) inten-
tionally pulsing the airflow tc impose more severe conditions on the
better fuel~injector-flameholder configurations.

APPARATUS
Connected-Pipe Test Facility

A schematic drawing of the airflow is shown in figure 1. Air was
supplied at 40 pounds per square inch gage and 540° R (80o F). Flow
was metered by a variable-area calibrated orifice and passed through a
throttling valve 1nto a plenum chamber. From the plenum chamber it was
ducted in a l2-inch-diameter pipe to the preheater combustor section.
The preheater fed directly into the afterburner combustor section.

Gaseous~-hydrogen fuel was supplied from a multicylinder trailer to
both the preheater and afterburner fuel systems. Each fuel system con-
tained a throttling valve and a calibrated critical-flow metering ori-
fice. The valving arrangement permitted use of either fuel line sepa-
rately or both simultaneously.

Air-atomized quench water, metered by calibrated rotameters, was
sprayed into the gases at the afterburner exit. The equilibrium mix-
ture temperature was measured by two thermocouple rakes at the end of
a 15-foot-long heat balance or calorimeter section. The gases then
flowed through a throttling valve to the laboratory altitude exhaust
system. The calorimeter wall temperature was measured by skin thermo-
couples to permit calculation of heat losses from the calorimeter.
Windows at either end of the rig permitted observation of the
afterburner.

s ‘

66T-H




B-199

CL-1 back

Afterburner Section

Details of the 35° annular sector combustor are presented in figure
2. The combustor simulated a section of a 28-inch-diameter afterburner

with a 9%—inch-diameter centerbody. Fuel injectors were inserted through

a flanged hole in the 28-inch-diameter curved wall. The combustion dis-
tance from the fuel injectors to the quench-water spray was 13 inches.
The burner walls were cooled by forced-air convection. Total-pressure
rakes, wall static-pressure taps, and a thermocouple rake were located
as shown in figure 2. The total-pressure rakes, installed late in the
program, were used only with the last fuel-injector-flameholder
configuration.

A microphone-type pressure pickup was mounted on an "infinite tube"
arrangement to measure static-pressure fluctuations at the afterburner
wall. The "infinite tube" probe, similar to that used in reference 6,
was positioned at various intervals along the afterburner length to lo-
cate a pressure antinode.

Preheater Section

The preheater section was formed by an upstream continuation of
the afterburner walls. The preheater fuel injectors, located 19 inches
upstieam of the afterburner injectors, are described in reference 7 as
configuration J, four shrouded spray bars. Air entered the preheater
through an orifice-type flow restriction 20 inches upstream of the fuel
injectors. The preheater fuel flow was theoretically sufficient to pro-
duce a temperature of 1660° R. A sparkplug located on the side wall
and downstream of the fuel injectors ignited the prehesater.

Fuel-Injector-Flameholder Configuration

Figure 3 presents details of the fuel injectors. Configuration A
was chosen to start the program because it had performed well in a turbo-
Jet primary-burner application (ref. 8). For afterburner use the re-
striction ring in the entrance of the swirl can used in reference 6 was
removed to reduce the flameholder blockage area. The number and spacing
of the swirl cans were based on the assumption that each one would spread
the flame about three or four times its outlet area. Reference 8 indi-
cates that this assumption is valid for the size swirl can used and for
a burner length of 13 inches.

Configuration B consisted of radially flattened spray bars. The

injection holes were equally spaced, but of different sizes to balance
fuel flow with cross-sectional area. The plain spray bars were tested

——



¢ e _nd

to learn if they would perform well at combustion pressures lower than
those of reference 2 (15 to 30 in. Hg abs) but higher than those of ref-
erence 3 (5 to 8 in. Hg abs).

e

Configuration C, shielded spray bars (fig. 3(c)), was an attempt to
improve the stability of plain spray bars by applying shielding. The
spray bars were the same as configuration B. The shield divergence and
hole area were so designed (using theoretical hole flow coefficients and
assuming partial heat addition inside the shields) that the gases inside
the shield would leave with the same velocity as the secondary air that
was accelerated around the shields.

Configuration D, piloted spray bars, consisted of a radial spray
bar with a reverse-teardrop cross section. A small U-shaped shield on
the leading edge of the bar formed a piloting zone. The shield had holes
in the leading edge to admit air. About 17 percent of the fuel was in-
Jjected upstream into the piloting zone with the bulk of the fuel injected
45° downstream. The 450 angle was chosen as a cempromise between re-
quirements for fuel spreading and for recovery of the pressure momentum
of the fuel. The main fuel-injection holes were of one size, but of
variable radial spacing (in centers of equal areas) to obtain even fuel
distribution.

Configuration E, V-gutter injectors, was designed after the best
ramjet hydrogen-fueled injector configuration of reference 9. The con-
figuration was buillt up from two main radial supply tubes as shown in
figure S(e). Each of the radial tubes had eight side-arm V-gutters. A
single fuel hole injected fuel into each of these V-gutters at right an-
gles to the airflow. The V-gutter provided a flameholding zone as well
as a region to allow the fuel to spread out before being swept down the
combustor.

Configuration F is called "Pabst burners' because the design is
identical to a fuel injector described in reference 10, a translation by
a British scientist named Pabst of experimental work done in Germany at
the end of World War II on a hydrogen-fueled Focke-Wulf subsonic ramjet.
Sixteen individual conical-shaped fuel-injector elements were separately
fed from a branching tube arrangement as shown in figure S(f). The fuel
is injected through a circular slot located near the base of the conical-
shaped element. The slot is normal to the airstream, but the fuel is
quickly swept downstream because of the low fuel-injection velocity.

Configuration G, shrouded spray bars, was identical to a fuel-
injector-flameholder configuration tested in reference 7 at ramjet oper-
atlion conditions. The configuration consisted of a flattened spray bar
inside a U-shaped gutter or shroud as shown in figure 3{g). The shroud
contained air admission holes in the leading edge, while the trailing
edge was bent to form mixing tabs. As the projected blockage area of
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this configuration was much greater than those of the previous configu-
rations, it was anticipated that the drag losses would be higher. Tt
was, nevertheless, tested to see if such a promising ramjet configura-
tion could withstand the high inlet temperatures encountered in an after-
burner. BEven though the drag losses might be too high for the particu-
lar engine considered in this report, it was thought that a future appli-
cation could tolerate additional drag in exchange for the increased sta-
pility and burning range expected of this configuration.

PROCEDURE
Standard Operating Conditions

For all seven fuel-injector-flameholder configurations, combustion
efficiency and pressure loss data were taken at two nominal afterburner-
inlet conditions: (1) a low velocity, 400 feet per second; pressure, 12
inches of mercury absolute; and temperature, 1660° R, and (2) a high ve-
locity, 500 feet per second; pressure, 10 inches of mercury absolute;
and temperature, 1660° R. The conditions simulated two possible inlet
flows to an afterburner of an advanced turbojet engine. A run was de-
fined as a series of data points at constant afterburner-inlet condi-
tions with changes in the afterburner fuel flow. At the start of a run
the preheater was first turned on alone, and its combustion efficiency
was measured by the heat balance. (The thermocouple rake measuring the
afterburner-inlet temperatures was only used to set the preheater fuel
flow and check the approximate temperature.) By knowing the preheater
combustlon efficiency and equivalence ratio, a preheater-outlet or
afterburner-inlet temperature was calculated. Equivalence ratio was de-
fined as the actual fuel-air ratio divided by the stolchiometric fuel-
air ratio, 0.0292. The over-all equivalence ratio is simply the sum of
the actual preheater and afterburner fuel-air ratios divided by 0.0292.
(The preheater combustion efficiency was assumed to remain constant for
the entire run because of the nearly constant operating conditions.)

The afterburner-inlet velocity was calculated by the continuity equa-
tion using wall static pressure and calculated preheater-outlet temper-
ature. The preheater was located close enough to the afterburner that
heat losses were negligible.

Over-All Combustion Efficiency

Combustion was terminated by the quench-water spray, and the total
enthalpy rise of the afterburner plus the preheater burner was calculated
from a heat balance around the calorimeter. OQOver-all combustion effi-
ciency was defined as the total measured enthalpy rise divided by the
theoretical lower heating value of the fuel. To eliminate the heat con-
tent of the products, the combustion reaction was theoretically assumed
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to occur at the calorimeter-outlet temperature, approximately 400° F.
The theoretical heating value of thc fuel would then be the weight flow
of the fuel times its lower heat of combustion at 400° F, 51,950 Btu per
pound. Appendix B of reference 9 presents a detailed description of the
calorimeter and heat-balance calculations used for these data. The fol-
lowing table shows the relative importance of the various constituents
in the heat balance for a typical data point with an 80° F preheater-

inlet air temperature and a total of 0.0320 pound per second of fuel at
600 F:

Constituent Temperature change, Enthalpy rise,
o)
F Btu/sec
Air 80 to 400 107
Fuel 60 to 400 37
Quench water 50(1) to 400(g) 1280
Losses of calorimeter to .
room air, calculated 300° F (wall temperature) 20
Total 1444

The probable error in combustion efficiency from measurements of fuel,
alr, and quench-water flow was &3 percent.

Enthalpy rise _ 1444

Combustion eff1c1ency==Fuel heating value  (0.0320)(51,950) =87 percent

Pressure Loss

Afterburner fuel-injector-flameholder pressure drop or drag was
measured by wall static-pressure taps with only the preheater burning %o
supply normal inlet conditions. The momentum heat addition pressure loss
in the afterburner was measured by a series of pressure taps, with the
lowest reading (farthest downstream) being used to calculate the percent
pressure loss Ap/p. Total-pressure rakes were installed near the end
of the program and measured total-pressure flameholder drag and momentum
pressure loss for configuration G only.

Inlet Profiles

The afterburner-inlet profiles are shown in figure 4. The vertical
velocity profile was calculated using the total-pressure-rake readings
and the calculated preheater-outlet temperature and assuming constant
static pressure across the duct. The horizontal temperature profile
was reed by a Chromel-Alumel thermocouple rake. The readings were cor-
rected for radiation. Neither the velocity nor the temperature profiles
thus measured were used to calculate the average inlet conditions pre-
sented later in the report, but are shown here to give the reader an
idea of the profile shape and size.

T
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RESULTS

Figure 5 and table I present combustion efficiency and pressure
loss data for each of the seven individual configurations: A, swirl
cansy B, spray bars; C, shielded spray bars; D, piloted spray bars; E,
V-gutter; F, Pabst burners; and G, shrouded spray bars. The performance
is summarized in figure 6(a) for the low-inlet-velocity condition and in
figure 6(b) for the high-inlet-velocity condition.

Performance at Low-Inlet-Velocity Condition

The combustion efficiency at the low-inlet-velocity condition was
approximately the same for most of the configurations, that is, about 90
percent for equivalence ratios of 0.6 to 1.0. Configurations E, F, and
G, however, tended to fall off somewhat in combustion efficiency at the
rich end of the curve. The preheater combustion efficiency, only about
80 percent, was represented by data points in the equivalence-ratio
range of 0.25. The dashed line between the lean end of the afterburner
data and the preheater point does not imply that the combustion-
efficiency curve would follow the dashed line, but merely serves to
connect the preheater point for identification.

The static-pressure loss or drag of the flameholders was very low,
ranging from 1 to 3 percent Ap/p for configurations A to F. Configura-
tion E was not measured because of faulty instrumentation. Configuration
G, shrouded spray bars, was designed with more burner area blockage, and
the 5-percent Ap/p loss compares with the value reported in reference 7
for this configuration. The static-pressure drop across the flameholders
corresponds closely to a total-pressure drop at the afterburner-inlet
velocities. The static-pressure drop resulting from heat addition, how-
ever, considerably exceeds the corresponding total-pressure drop as shown
in the theoretical curves of figures 6(a) or (b). Some measured static-
pressure losses were found to be lower than the theoretical values (cal-
culated for 100-percent heat addition). Lowest losses were found for con-
figuration A, swirl cans, which was also among the more efficient.

Performance at High-Inlet-Velocity Condition

The over-all combustion efficiency at the high-inlet-velocity con-
dition varied from 89 to 70 percent as can be seen by the solid symbols
in figures 5{a) to {g) and in the summary plot (fig. 6(b)). All the
configurations tended to become less efficient as the equivalence ratio
was increased. The highest combustion efficiency (89 to 85 percent) wa.s
obtained with configuration D, piloted spray bars, while the lowest effi-
ciency was with configuration B, flattened spray bars. As expected,
every configuration was less efficient than when tested at the less
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severe low-inlet-velocity condition. The higher inlet velocity resulted
in a shorber reaction or burner stay time. Coupled with the high veloc-
ity was a lower burner pressure which caused a slower reaction or com-
bustion rate.

The static-pressure drop across the flameholders at the high-inlet-
velocity condition was 1 to 7 percent Ap/p. The lowest measured loss
was for configuration E, V-gutters, but configurations A and B, swirl
cans and spray bars, also had a small flameholder pressure loss. Note
that for most of the runs made with configuration G (figs. 5(g) and 6(b))
total-pressure drops were measured across both the flameholder and the
combustion zone.

The measured heat-addition pressure loss for configurations A to F
was equal to or less than the theoretical value for ideal or 100-percent
combustion efficiency. The actual values of Ap/@ varied from 12 to 20
percent with the order of the curves being almost the same as for the
combustion efficiency; that is, the less efficient combustors caused
lower pressure losses. The heat-addition-loss curve for configuration
G is the lowest of all, but this curve is for total-pressure loss. It
should not be compared with the static-pressure curves, but rather with
the theoretical total-pressure curve.

Blowout Velocity and Pressure

The afterburner would not blow out within the facility limits for
inlet air temperatures of 1660° R. To obtain the blowout velocities pre-
sented, the preheater was turned off and the inlet air temperature was
held at 540° R (800 F). Figure 7 is a logarithmic plot of blowout veloc-
ity against blowout pressure for configurations A, B, D, and F. A blow-
out point was obtained by holding the burner at a constant airflow and
an equivalence ratio of 0.4. The burner pressure was then lowered until
blowout was observed. Usually the burning became rough as blowout was
approached, which enabled blowout to be easily noted by a sudden reduc-
tion in noise. The piloted spray bars, configuration D, had the best
blowout (most stable) characteristics with configuration A being the sec-
ond best.

Flameholder Durability

All the configurations were fabricated of Inconel or stainless
steel, and each was operated in the course of taking data for at least 2
hours at afterburner conditions. The only burnout of any fuel-injector-
flameholder occurred with configuration C, shielded spray bars. The
burnout was confined to parts of the perforated side shielding in the
region nearest the simulated centerbody. In this region, the inlet gas
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temperatures greatly exceeded the average value (16600 R) and undoubtedly
were responsible for the damage. For all seven configurations, the part
of the flameholder that was in this region became heavily oxidized, which
indicated metal temperatures near 3000° R. None of the other configura-
tions, however, received any damage to the metal except for a slight
warpage of the shields or ends of spray tubes. Although all the config-
urations would be durable at a 1660° R flat inlet temperature, spray
bars, cooled by fuel passage, are far more durable than the shrouds,
shields, and swirl cans. These exposed uncooled shrouds and shields are
of marginal, but dependable, durability at 1660° R and will probably fail
at higher inlet temperatures.

Pulsed Inlet Airflow

An attempt was made to produce a more severe operating requirement
for the fuel-injector-flameholders by pulsing the inlet airflow. In
addition, the pulsed airflow would partially simulate the turbulence
found in a real afterburner behind a turbine. The airflow was pulsed
upstream of the preheater at frequencies of 40 to 400 cycles per second
by means of a rotating wheel and slot arrangement mounted in the air
supply line. The static-pressure amplitude measured at an antinode in
the burner varied from 0.5- to 1O-percent root-mean-square Ap/p. This
pressure amplitude corresponded to a velocity fluctuation at the
flameholder of £10 to 4300 feet per second. (The average afterburner-
inlet velocity was 400 to 500 feet per second.) The normal combustion
noise level was 1l- to 5-percent root-mean-square Ap/p, the higher value
occurring at higher equivalence ratios. Three configurations, A, B, and
D, were tested at various inlet burner conditions and pulsed air frequen-
cies. The pressure root-mean-square amplitude (also velocity fluctua-
tion) was a maximum when the flow pulser was operated at the natural
frequencies of the burner.

For the three configurations tested with the pulsed airflow, there
was no decrease in either the over-all combustion efficiency or the
burner stability in the afterburner and preheater. If any change was
noticed, it was that of a slight increase in combustion efficiency at
the higher resonant frequencies.

DISCUSSION
Combustion Efficiency
The combustion efficiency was reasonably high for all configura-
tions and test conditions, thus, there is no outstanding choice on the

basis of combustion efficiency alone. The configurations C, D, E, and
F do not differ much in combustion efficiency with inlet conditions, and
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their operating range could probably be extended beyond the inlet condi-
tions of this report. The operational limits of the simple spray bars,
configuration B, do not appear sensitive to inlet conditions until the
pressure becomes lower than 12 inches of mercury absolute or the tempera-
ture lower than 1660° R. This observation agrees with the data of ref-
erence 2, which gives high combustion efficiencies at higher pressures,
and reference 3, which presents lower combustion efficiencies at lower
pressures for simple spray bars. Also, the combustion efficiency of
configuration G, shrouded spray bars, decreases faster than would be ex-
pected from reference 7 on the basis of reduced burner pressure alone.
For this configuration, quite possibly the injector shrouds were too
coarse to allow complete mixing of the fuel within the burner length.
The burner stay time, particularly at the high-inlet-velocity condition,
was much shorter than it was at the ramjet conditions of reference 7.

The predominant cause of combustion inefficiency is probably insuf-
ficient mixing of the fuel and air. The efficiency could presumably be
raised by lengthening the burner, but the same result might be achieved
by refinement of the fuel-injector-flameholder or improvement of the in-
let profiles. The burner length of 13 inches was short and definitely
terminated by the quench-water spray. In reference 2 the quench-water-
spray rate was varied at constant burner conditions with little effect
in combustion efficiency, which thus indicates that the reaction was
stopped by (or before) the spray. The inlet temperature profile varied
considerably more than would an actual turbine-outlet profile. The tem-
perature profile rake was located to give an average reading and did not
record the extremely cold or hot spots noted by visual observation. The
low-temperature areas would hamper combustion, perhaps even cause par-
tial blowout, while the high temperatures caused the excessive oxidation
of the flameholder parts.

Any unburned preheater fuel, if it did not burn to completion in
the afterburner, would tend to lower the over-all (afterburner) combus-
tion efficiency. Figure 5(g) illustrates this behavior in runs 15a, 15b,
and 15c¢c, in which the only condition that changed appreciably was the
preheater combustion efficiency. The over-all afterburner combustion
efficiencies are hence on the pessimistic side. For example, with a pre-
heater conbustion efficiency of 80 percent, the true or individual effi-
ciency of the afterburner should be 5 percent higher than that measured
at stoichiometric if none of the preheater fuel burns in the afterburner.
Also, as the preheater fuel flow was set assuming a higher preheater com-
bustion efficiency, the actual afterburner-inlet temperature was lower
than ideal, which is another cause for lower afterburner efficiency.

Pressure Drop Losses

For the low-velocity test condition the flameholder pressure losses
were very low primarily because the projected area blockage was low.
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The actual values agree closely with calculated losses for sudden expan-
sion across the flameholders. Configuration G had a higher Ap/p be-
cause its area blockage was greater. Configuration E, if measured,
would have undoubtedly had a flameholder Ap/p loss of less than 1 per-
cent because its area blockage was very small and its pressure loss at

the high-velocity test condition was lowest of all configurations.

The pressure losses due to heat addition fall both above and below
the theoretical curve calculated for ideal or 100-percent heat release.
Only two configurations, C and G, fall appreciably higher than the theo-
retical, and both of these have a large flameholder area blockage, which
adds a greater flameholder loss to the momentum heat addition loss. The
remaining configurations have pressure loss values falling near or
slightly below the theoretical curve. The order of the curves corre-
sponds to the respective lower combustion efficiencies. The heat addi-
tion pressure loss data, however, camnot be too closely interpreted be-
cause of probable errors in the measurement of static pressure on a hot
burner wall.

The pressure losses measured at the high-inlet-velocity condition
follow much the same pattern, but at a higher level. The flameholder
losses are in the same order as the configuration area blockages, and
the heat-addition losses are less than theoretical because the combustion

efficiency is much less than 100 percent. Some of the data spread be-
tween configurations is due to an undesired variation of inlet conditions.

Selection of Best Configuration

The reason for measuring blowout velocity data and pulsing the in-
let airflow was to help select the best fuel-injector-flameholder con-
figuration. All the configurations were grouped close together in their
combustion efficiency, and most were close to their theoretical pressure
losses. The three slightly better configurations, A, B, and D, were
chosen for the further tests mentioned above. It was assumed that the
configuration best withstanding these further tests would be the one that
could be expected to have the greater extended operating region. Another
question hoped to be answered was: how might these fuel-injector-
flameholders perform in an actual full-size afterburner with its highly
turbulent airflow? (The air pulser was mechanically limited to lower
than actual turbine frequencies.

Configurations A, B, and D were not affected by the pulsed airflow,
and it could be assumed that these configurations would not be affected
by the turbulence present in an actual afterburner. The blowout velocity
tests, however, indicated that configuration D, piloted spray bars, was
definitely superior to configuration B, plain spray bars, with configu-
ration A, swirl cans, part way between. The results of figure 7 (blow-
out velocity) nevertheless may never apply in an afterburner because at
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the high (1660° R) inlet air temperatures hydrogen fuel ignites sponta-
neously. The blowout velocity data might indicate a trend that, should
combustion or stability ever become marginal, configuration D should be
the most stable with configuration A next, and configuration B last.

If an afterburner were to be operated at the low-inlet-velocity con-
dition, the first choice of a fuel-injector-flameholder would be between
configuration A or D. Configuration A, swirl cans, is slightly lower in
combustion efficiency at high equivalence ratios, but is slightly highexr
at the low equivalence ratios than is configuration D, piloted spray
bars. An advantage for configuration A is definitely shown in the pres-
sure loss curves where configuration A is a full 2 percent lower at all
equivalence ratios. Configuration B, plain spray bars, would be the
third choice.

At the high-inlet-air-velocity condition, the choice of configura-
tions is a little more definite. Configuration D is the best choice be-
cause of its higher combustion efficiency curve. A second choice would
be between configuration C with good combustion efficilency but high
pressure losses or configuration F or A with less combustion efficiency
but lower pressure losses. The plain spray bars, configuration B, have
dropped too much lower in combustion efficiency to be competitive at the
high-inlet-velocity condition.

SUMMARY OF RESULTS

Seven gaseous-hydrogen fuel-injector-flameholders were tested at a
low- and a high-inlet-air-velocity condition. The nominal inlet values
were: (1) velocity, 400 feet per second; pressure, 12 inches of mercury
absolute; and temperature, 1660° R; (2) velocity, 500 feet per second;
pressure, 10 inches of mercury absolute; and temperature, 1660° R. The
following results were obtained:

1. The combustion efficiency at the lower inlet velocity condition
was approximately the same for all seven burner configurations, that is,
about 90 percent, but dropping slightly at stoichiometric. The better
configurations were configurations A, B, and D.

2. The flameholder static-pressure loss at the lower inlet velocity
condition was good (l to 5 percent) for all seven configurations. The
better configurations were A and B. The momentum static-pressure losses
of configurations A and F were the lowest of the group, 6 to 10 percent.

3. The combustion efficiency at the higher inlet velocity condition
varied from 89 tc 70 percent for the seven configurations with configu-
ration D, piloted spray bars, having the highest combustion efficiency.

4. The flamenolder static-presdure loss at the higher inlet velocity
condition was good (1 to 3 percent) for configurations E, B, and A and
poor (5 to 7 percent) for the remaining configurations.
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5. The three better configurations, swirl cans, spray bars, and

_E)_L_LULJG(.]. spray bars (n, .u, and .u)) were subjected to a yulSCd alr-F"lrvr of

40 to 400 cycles per second with no resulting change in the combustion
efficiency or stability.

6. Blowout velocities at ambient inlet air temperatures showed con-
figuration D, piloted spray bars, to be more stable than the swirl-can
or spray-bar configurations.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, December 4, 1958
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TABLE I. - COMBUSTION DATA OF HYDROGEN FUEL IN AN ANNULAR SECTOR
OF A 28-INCH-DIAMETER AFTERBURNER
Burner Run Over-all Combustion Static- Afterburner-inlet conditilons
config- | number | equivalence | efficiency, | pressure
uration ratio percent drop, | Airflow, | Temper-| Pressure, Velocity,
Ap/p, 1b/sec | ature, in. Hg abs | ft/sec
percent Or
A 1 80,199 a81.1 bl.S 1.38 1470 13.2 326
.561 91.3 6.5 1.38 1450 12.7 335
591 93.9 6.9 1.38 1520 12.7 351
.597 88.6 6.7 1.36 1550 12.7 352
.715 391.8 7.7 1.38 1470 12.9 335
779 91.6 10.4 1.38 1680 12.1 408
.844 89.3 8.8 1.38 1510 12.7 349
.849 91.6 8.7 1.36 1580 12.6 361
.869 88.6 9.3 1.38 1670 12.7 385
.968 84.7 8.8 1.38 1510 12.9 342
974 89.9 9.7 1.34 1580 12.5 358
1.027 88.2 10.0 1.38 1670 12.8 384
1.058 90.9 10.8 1.34 1580 12.2 371
A 2 80,230 a872.9 bS.l 1.37 1500 9.7 452
625 89.5 13.3 1.36 1450 9.1 462
.628 88.5 13.2 1.38 1470 2.0 478
772 84.4 15.1 1.41 1440 9.4 18]
774 82.9 13.5 1.38 1460 9.1 468
878 80.6 13.9 1.38 1470 9.4 461
.888 . 82.7 14.6 1.40 1440 9.7 445
1.013 77.0 14.6 1.40 1440 10.0 429
1.022 74.8 12.8 1.38 1470 9.8 442
B 3 20.249 279.8 ®o.9 1.43 1660 12.6 401
.780 89.3 9.6 1.40 1710 12.7 402
.200 30.0 10.3 1.40 1690 13.2 382
1.008 89.4 12.4 1.41 1680 12.8 399
B 4 80.218 880.5 b1.8 1.40 1550 12.4 369
.619 86.7 8.4 1.40 1590 12.2 388
.626 89.6 9.6 1.40 1600 12.4 385
.658 87.1 8.2 1.42 1400 12.0 351
772 84.6 9.4 1.42 1400 11.7 361
.793 86.5 8.0 1.40 1580 12.5 376
.910 79.5 9.3 1.40 1580 12.3 380
,984 72.8 12.3 1.42 1400 10.7 392
1.008 78.3 10.7 1.42 1390 12.2 345
1.018 74.1 7.6 1.40 1600 12.4 385
B 5 80.228 867.8 b1.5 1.37 | 1430 9.4 445
.645 83.7 12.2 1.38 1525 9.1 491
779 75.5 12.0 1.38 1500 9.0 491
871 76.8 11.1 1.38 1460 9.4 458
1.018 LA, 70.2 12.0 1.38 1460 8.4 513

8Preheater fuel only.

barterburner flameholder pressure loss.

—_——_—
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TABLE I. - Continued. COMBUSTION DATA OF HYDROGEN FUEL IN AN ANNULAR
SECTOR OF A 28-INCH-DIAMETER AFTERBURNER
Burner Run Over-all Combustion Static- Afterburner-inlet conditions
config- |number |equivalence |efficiency, | pressure
uration ratio percent drop, Airflow, | Temper-| Pressure, Velocity,
Dp/p, 1b/sec | ature, | in. Hg abs | ft/sec
percent OR
C 6 80.236 874 .5 b2.5 1.41 1540 13.0 356
.590 85.4 9.3 1.41 1540 12.9 359
.760 91.2 11.0 1.41 1550 12.6 370
.853 92.0 13.2 1.41 1480 12.5 354
.993 88.0 14.6 1.41 1520 12.6 363
C 7 80.325 a73.8 bs.7 1.39 1860 9.3 591
.615 87.6 14.7 1.41 1580 9.3 508
.813 85.9 18.3 1.39 1740 9.7 532
.946 83.9 20.2 1.39 1740 9.6 539
1.059 81.6 20.4 1.39 1730 10.1 508
D 3 80.270 a879.4 b2.4 1.41 1740 11.7 445
.603 87.3 7.1 1.41 1630 13.0 374
.781 91.9 9.7 1.41 1630 12.7 383
.924 90.8 11.6 1.41 1640 12.5 393
1.004 89.9 11.8 1.41 1630 12.5 390
D 9 20,311 a72,5 bg.9 1.41 1790 9.5 565
.625 87.6 15.5 1.41 1590 9.2 519
.806 87.6 16.5 1.41 1640 9.9 495
.923 88.5 17.6 1.41 1670 10.1 495
1.034 84 .4 19.1 1.41 1650 10.2 484
E 10 0.585 87.2 6.3 1.40 1350 11.8 338
.725 89.1 7.8 1.38 1340 12.3 31
.851 88.0 10.0 1.38 1330 12.1 323
.988 85.3 12.9 1.38 1320 11.6 334
E 11 0.620 88.7 8.1 1.10 1500 2.3 378
.785 85.9 11.0 1.10 1500 8.7 403
. 965 84.3 12.6 1.10 1480 3.0 382
1.127 78 .4 14.1 1.10 1570 9.0 410
E 12 20,210 873.4 b;.2 1.40 1430 11.7 362
.610 80.7 11.7 1.38 1380 9.0 449
.764 82.9 14.7 1.38 1450 9.3 459
.878 80.3 15.2 1.38 1430 9.5 439
1.017 79.5 16.0 1.38 1430 10.2 409
F 13 80.266 agz2.2 b2.9 1.38 1750 12.6 408
.648 92.5 7.7 1.38 1730 12.6 404
.814 88.9 8.3 1.38 1780 12.6 415
.923 85.0 9.7 1.38 1770 12.3 421
1.052 78.1 10.3 1.38 1750 12.5 411

8preheater fuel only.
Ppfterburner flameholder pressure loss.

———
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TABLE I. - Concluded. COMBUSTION DATA OF HYDROGEN FUEL IN AN ANNULAR
SECTOR OF A 28-INCH-DIAMETER AFTERBURNER
Burner Run Over-all Combustion | Statie- Afterburner-inlet conditions
config- | number [equivalence | efficiency, | pressure
uration ratio percent drop, Airflow, | Temper- | Pressure, Velocity,
Ap/p, 1b/sec | ature, | in. Hg abs| ft/sec
percent ORr
F 14 80,271 a77.8 P52 1.38 1720 9.8 510
.663 88.2 12.6 1.38 1690 9.8 504
.819 84.0 13.1 1.38 1720 9.8 514
.928 80.5 13.1 1.38 1720 9.9 510
1.065 74.6 13.0 1.38 1710 9.9 508
G 15a 20.259 886.7 b5,z 1.40 1800 12.5 430
.656 91.1 11.0 1.40 1800 12.6 428
.802 90.5 13.6 1.40 1840 12.2 448
.908 88.0 14.1 1.40 1830 12.2 4486
1.054 83.9 14.5 1.40 1820 12.2 443
G 15b 20.245 88.6 b,cz 3 1.41 1500 11.9 378
.616 88.0 6.5 1.40 1350 11.9 337
.768 88.2 €8.0 1.40 1350 11.9 336
.908 84.1 €g.2 1.40 1350 11.9 338
.991 80.9 g.8 1.40 1350 11.9 338
G 15¢ 80.218 857.2 b,ey.5 1.40 1280 12.8 296
.639 86.4 6.8 1.40 1300 13.0 297
775 85.0 ¢7.9 1.40 1260 12.8 293
.895 81.2 Cg.3 1.40 1280 12.7 298
1.003 77.2 8.3 1.40 1280 12.8 297
G 16 80,254 871.2 b,cg.g 1.40 1580 9.3 503
.416 84.0 €7.9 1.40 1010 10.5 285
.614 81.9 €10.1 1.40 1150 10.6 323
.646 83.1 €10.0 1.40 1350 9.9 408
.763 80.7 9.7 1.40 1300 11.2 346
.903 76.6 10.0 1.40 1280 11.5 329
1.010 73.4 9.8 1.40 1280 11.7 325

aPreheater fuel only.

bAfterburner flameholder pressure loss.

CTotal-pressure loss.
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Velcoeity, ft/sec, calculated from
total-pressure rake

°R

Measured total temperature,
(corrected for rediation)

L )

Measured Calculated
Symbol [Airflow, |Pressure, |Preheater combustion|Temper- |Velocity
— lb/sec in. Hg abs |efficiency, percent |ature, ft/sec
°R
— O 1.4 12.6 87 1840 426
] 1.4 10.1 87 1840 501

T ]

Total-pressure rake

800

Burner outline

Wall static pressure

— N

N

400 , [/

N 9.5 In.
)
600 /,D

U T\D o+

F

N

\

/ N \\‘\

7
200 /

— T

¥

0 2 4 6 8 | 10
Top Vertical distance across afterburner, in. Bottom
2000 T
Burner
X ]
outline
AR\ 7
E{ \ Thermocouple rake
1800 %3
\
1600 q Wall T— - 5.6 —»
\j In.
Wall \ l
N b
N
°
1400
0 2 4 6
Horizontal distance across afterburner,
in.
Figure 4. - Velocity and temperature profiles in a sector of a

28-inch-diameter afterburner. (See fig. 2, afterburner inlet

or preheater outlet.)
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Static-pressure drop,

Over-all combustion
efficiency, percent

Ap/p, percent

I

Run Airflow, Pressure, Velocity, Temper--

number lb/sec in. Hg abs ft/sec ature,

SR
(0] 1 1.4 12.1-12.9  335-408 1550
® 2 1.4 9.0-10.0 429-478 1460

— — —= No data recorded in this region

I I N

1.¢"

Airflow Diam.

Swirl-can detail

15
e
10 —
~ o<
e
5 P 'l/
.Vf;ﬂ<”'/’
)/
0
100
C
A O
=T ] ST 5

8 ~
P .
./
60
.2 W4 .6 .8 1.0 1.2
Over-all equivalence ratio
(a2) Configuration A, swirl cans.

Figure 5. - Combustion efficiency of various fuel-injector-

flameholder configurations in an annular sector of a 28-inch-
diameter afterburner combustor. Combustor length, 13 inches.
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Static-pressure drop,

Over-all combustion
efficiency, percent

Op/p, percent

20

10

100

80

60

.

' Aftefburner—inlet conditions

Run Airflow, Pressure, Velocity, Temper- |

number 1lb/sec  in. Hg abs ft/sec ature,

O 3 1.4 12.6-13.2 402-382 1680
of 4 1.4 10.7-12.5  392-345 1510
5 1.4 8.4-9.4 513-458 1470

—No data recorded in this region

Fuel ‘
— ‘g 0.3" —
Airflow ' % } Burner

Spray-bar detail Cross ]
section
(two bars) [
L
A . _-____-Eﬂ
A v e —]
~ 0T e
P -~ - o o
/’
e
—
©~
ws

~ w‘]

C
.4 .6 .8 1.0 1.2
Over-all equivalence ratio
(b) Configuration B, spray bars.
Figure 5. - Continued. Combustion efficiency of various fuel-

injector-flameholder configurations in an annular sector of
a 28-inch-diameter afterburner combustor. Combustor length,

13 inches.
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¢L-4 back

Static-pressire drop,

Over-all combustion
efficiency, percent

Ap/p, percent

Afterburner-inlet conditions
- Run  Adirflow, Prescurc, Velocily, Temper-
number 1b/sec in. Hg abs ft/sec ature,
°R
b S
6 1.4 1l2.5-12.9 370-354 1520
2 7 1.4  19.3-10.1 539-508 1730
— ————No data recorded in this region
- ) y —
Alr — - —
L — —
T o
Air ,Burner
30l— > ;O cross ]
tion
— Fuel sec .
~— — —_— -—SEVO unlts)—/
\ —
Spray bar and shield detail /
N /r —*
7~
10 Pal /4
P I
7 -+
«
]
-~
<>/
0
100
" <> "\
y
)/C T —_ ¢
80 — 1,4
e 4
O7 &
60
.2 .4 .6 .8 1.0 1.
Over-all equivalence ratio
(c) Configuration ¢, shielded spray bars.
Figure 5. - Continued. Combustion efficiency of various fuel-

injector-flameholder configurations in an annular sector of
a 2z8-inch-diameter afterburner combustor. Combustor length,

13 inches.
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2

Static-pressure dro

Over-all combustion

efficiency, percent

Ap/ » percent

T T T T

Run Airflow, Pressure, Velocity, Temper- |
number lb/sec in. Hg abs ft/sec ature,
OR
AN 8 1.4 12.5-13.0 393-374 1630

A 9 1.4

Details of piloted spray bars CYOSS

T 1 T T I
Afterburner-inlet conditions

9.2-10.2 519-484 1640

—— ——— No data recorded in this region

3 Main
illot fuel .
: ue
Airflow ,,;;’ pE g
3/4"

Burner

— section ]
(two
bars) -
20
LA
/_/
A
/'
/’ / / 3
10 i Pal
/ /
“1 A
g 7
—
at
0
100
— 1~ [~A
— ,/
80 At —
//
IA/
60
.2 .4 .6 .8 1.0 1.2
Over-all eguivalence ratio
(d4) Configuration D, piloted spray bars.
Figure 5. - Continued. Combustion efficiency of various fuel-

injector-flameholder configurations in an annular sector of

a Z28-inch-diameter afterburner combustor.

13 inches.
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Combustor length,
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i

sure drop,

percent

Static-pres

Over-all combustion
efficiency, percent

AP/ b,

T
Afterburner-inlet conditions

- Run Airflow, TPressure, Velocity, Tcmper
number  1b/sec in. Hg abs ft/sec ature,

v 10 1.4 11.6-12.3 338-319 1340

v 11 1.1 8.7-9.3 410-378 1500

v 12 1.4 9.0-10.2 459-409 1420

—— — — No data recorded in this region

1.z

|
L | a
I /
[~ Airflow l 7
e » I lo"
— | -
| Burner
| cross
20|- section _
Details of V-gutters (two units)/
Lf//,,—*’ v | —
, — T
10 = /v/'\_//
e Iy
/ v
P
~
¥
100
Vl< ‘v\
80 l 2 T Y T e
— //"
a— //—
80
.2 .4 .6 .8 1.0
Over-all equivalence ratio
(e) Configuration E, V-gutter injectors.
Figure 5. - Continued. Combustion efficiency of varicus fuel-

injector-flameholder configurations in an annular sector of

a 28-inch-diameter afterburner combustor.

13 inches.

—

Combustor length,
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Static-pressure drop,
Ap/p, percent

Over-all combustion
efficiency, percent

T T T T T ¥ T T T

Afterburner-inlet conditions
Run Airflow, Pressure, Velocity, Temper-

i number lb/sec in. Hg abs ft/sec ature,
< 13 1.4 12.3-12.6 421-404 1760
< 14 1.4 9.8-9.9 514-504 1710
— — — No data recorded in this region
| < \Fuel - |
\ o=CH FC=p
v T
" — _ 0.75" —
Airflow } | Burner o
Cross o
20 L section —\ —
(16 units)- Ao

Pabst-burner details

T ¢ ¢ —d
//
10 L [ ——3=<F
— —" K
T _/4/
- -
4] s
—T1
94T
0
100
__ ,S$-~§\‘;~
e - /l "\‘q\
. - —t - \\
sob—31 1— e
<« \\‘4.
60
.2 .4 .6 .8 1.0 1.2
Over-all equivalence ratio
(f) Configuration F, Pabst burners.
Figure 5. - Continued. Combustion efficiency of various fuel-

injector-flameholder configurations in an annular sector of
a 28-inch-diameter afterburner combustor. Combustor length,
13 inches.
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Static-pressure drop,
Ap/p, percent

Over-all combustion
efficiency, percent

T T T L T T T

Afterburner-inlet conditions

Run Airflow, DPressure, Velocity, Temper-

number  1b/sec  in. Hg abs  ft/sec ature,
L °R
> 15a 1.4 l12.2-12.6 448-4286 1820
tt 15b 1.4 11.9 338-336 1350
i >3 15¢ 1.4 12.7-13.0 298-293 1280
» 16 1.4 9.9-11.7 406-285 1280
I — — — No data recorded in this region N

Shrouded-spray-bar details Burner

cross
2o section ]
(two units)
/{>’-—-‘-‘1
10 — L
-
== i
T - — —‘W
"g T Note: Runs 15b, 15c, and 16
are total-pressure drop
O } 1 1 | —1
100
— e > 'x\
p+— T /&’_R__“&‘\D\
’—ﬁf/‘“\\k‘ ~
A L .7F \L\D\ [
80 7 — 7=
y 1 P 4 \C
A A
7
7
60— < >
40
.2 .4 .6 .8 1.0 1.
Over-all equivalence ratio
(g) Configuration G, shrouded spray bars.
Figure 5. - Concluded. Combustion efficlency of various fuel-

injector-flameholder configurations in an annular sector of
a 28-inch-diameter afterburner combustor. Combustor length,
13 inches.
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-pressure
percent

Over-all combustion efficiency,

Measured static
drop, Ap/p,

percent

£ ™

| | 1 | | T ! [ I | i
Configuration Run Flameholder
number Ap/p, percent

——0 A, swirl cans 1 1.5
P — | B, spray bars 3 .9
——— — C, shielded spray bars 6 2.5
——~~——A D, piloted spray bars 8 2.4
——=--—~ B, V-gutters 10 -—-
T =————< F, Pabst burners 13 2.9
——————— 4> G, shrouded spray bars 15a 5.2
20 ! | | | | |
Theoretical static-pressure drop
K-due to ideal heat addition
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(a) Low-inlet-velocity range, nominally 400 feet per second; pressure,
12 to 13 inches of mercury absolute.

Figure 6. - Summary plot for data of configurations A to G (fig. 5). Air-

flow, 1.4 pounds per second; nominal inlet temperature, 1660° R. TNote
expanded scale on equivalence ratio and combustion efficiency.
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Configuration Run Flameholder
number Ap/p, percent

———@® A, swirl cans 2 3.1
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————=-——W E, V-gutters 12 1.2
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Over-all equivalence ratio

(b) High-inlet-velocity range, nominally 500 feet per second; pressure, 9
to 10 inches of mercury absolute.

Figure 6. - Concluded. Summary plot for data of configurations A to G
(fig. 5). Airflow, 1.4 pounds per second; nominal inlet temperature,
1660° R. Note expanded scale on equivalence ratio and combustion
efficiency.
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Figure 7. - Blowout limits of various fuel-injector-

flameholder configurations in an annular sector of
a 28-inch-dlameter afterburner combustor with an in-
let air temperature of 540° R. Equivalence ratio,
0.4 for all data points.
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